ABSTRACT: Binding affinity prediction with implicit solvent models remains a challenge in virtual screening for drug discovery. In order to assess the predictive power of implicit solvent models in docking techniques with Amber scoring, three generalized Born models (GB HCT , GB OBC I, and GB OBC II) available in Dock 6.7 were utilized, for determining the binding affinity of a large set of β-cyclodextrin complexes with 75 neutral guest molecules. The results were compared to potential of mean force (PMF) free energy calculations with four GB models (GB Still , GB HCT , GB OBC I, and GB OBC II) and to experimental data. Docking results yield similar accuracy to the computationally demanding PMF method with umbrella sampling. Neither docking nor PMF calculations reproduce the experimental binding affinities, however, as indicated by a small Spearman rank order coefficient (∼0.5). The binding energies obtained from GB models were decomposed further into individual contributions of the binding partners and solvent environments and compared to explicit solvent simulations for five complexes allowing for rationalizing the difference between explicit and implicit solvent models. An important observation is that the explicit solvent screens the interaction between host and guest much stronger than GB models. In contrast, the screening in GB models is too strong in solutes, leading to overestimation of short-range interactions and too strong binding. It is difficult to envision a way of overcoming these two opposite effects.
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INTRODUCTION
Fast and accurate evaluation of binding affinity for small molecules interacting with specific biological targets is highly imperative in modern medicinal chemistry and biochemistry, but it remains challenging to obtain accurate results. Virtual screening acts as a crucial complement to high-throughput screening by providing, in theory, a cost-effective strategy to generate starting points for drug design and for understanding the mechanism underlying particular biological processes. 1 Due to the high computational cost for evaluating the solvation contributions from an atomic-level description of solvent molecules, simplified treatments such as implicit solvent models are often used instead in virtual screening to evaluate binding affinities of protein−ligand complexes. 2 Most implicit models treat the solvent as a continuous medium with certain dielectric and interfacial properties. Such treatment has inevitable deficiencies in, for instance, short-range interactions and solvent orientation (e.g., solute−solvent hydrogen bonds), 3−5 and further improvements of implicit solvent models are required. 6 The Generalized Born (GB) model is one of the most popular implicit solvent models for bimolecular simulations and molecular design. 6 Compared to the, in principle, more accurate Poisson−Boltzmann (PB) theory, 7 GB-based calculations were shown to have a similar performance for prediction of solute−solvent electrostatic polarizations in some cases, 8−11 allowing for modeling electrostatics (ΔE pol ) in a reasonably accurate and cost-effective manner. Note that whether PB is more accurate than GB or not is a matter of debate, as indicated, for instance, by the comparisons between GB and PB for solvation free energies and the SAMPL3 challenge. 12, 13 The nonpolar part (ΔE np ) in GB models is typically derived from total solvent-accessible surface areas (SA) scaled by surface tension. The combination of a molecular mechanics (MM) force field and a GB solvation term (giving the MM/GBSA approach) has therefore become popular for scoring protein− ligand associations in large-scale virtual screening.
14−16 For instance, Amber molecular mechanics with GB/SA solvation (denoted as Amber GB/SA) scoring were reported to improve accuracy of scoring docked poses for RNA-ligand complexes, 17 and this method has aided in identifying a lead compound for blocking the growth of cancer cells. 18 A standard MM/GBSA analysis is performed on MD snapshots of binding partners extracted from explicit simulations, and then binding free energies are evaluated from
bind MM pol np (1) where ΔE MM is the total gas phase energy including bonded and nonbonded interactions, ΔE pol and ΔE np are polar and nonpolar contributions from GB solvent models mentioned above, and ΔS is the configurational entropy. 19, 20 Such an analysis typically does not include receptor flexibility, since the same snapshots are used for both the complex and the free receptor. Amber GB/SA scoring (a variant of MM/GBSA) follows the same scheme (eq 1) to evaluate binding affinities (ΔS is not included yet in the Amber score of Dock 6.7) but uses separate GB implicit simulation trajectories for receptor, ligand, and the corresponding complex in order to account for flexibility of the binding partners. 21 A range of publications has highlighted the complexity and drawbacks of binding affinity predictions based on the MM/ GBSA scoring, and the predictions were shown to depend on various parameters such as charge and solvent model, internal dielectric constants, and conformational reorganization. 22−25 Single-conformations are usually not a good representation of conformational ensembles, in particular for flexible and dynamic binding in biomolecules, and therefore implicit solvation free energies, based on a single structure, are likely unreliable. 5, 26 By enabling receptor flexibility in whole or in part via implicit solvation molecular dynamics (MD) simulations, GB/SA scorings could, in principle, improve, by modeling the so-called "induced-fit" effects upon association.
Here we focus on the configurational flexibility of binding partners by umbrella sampling and aim to evaluate the performance of Amber GB/SA scoring for the prediction of binding affinities. Beta-cyclodextrin (β-CD) was chosen as a model host, and its binding affinities with a set of 75 guest molecules are evaluated. Cyclodextrins are ideal receptor models for investigating host−guest recognition processes 25, 27, 28 and for benchmarking the accuracy of GB solvation energy predictions, 23, 29, 30 since a large amount of experimental reference data is available. 31−35 Potential of mean forces (PMFs) for the formation process of [β-CD:guest] complexes were computed with umbrella sampling, 36 allowing determination of binding (free) energies. Such bound complexes were evaluated by Amber GB/SA scoring in DOCK6.7 21 as well, and the binding affinity and binding modes were then compared with the PMF calculations. Following our previous work on the energy decomposition in explicit solvents, 37 a decomposition for GB models is proposed, highlighting the difference in solvation treatment between the solvent models in detail. Lack of solvent balance and unphysical Coulomb screening in GB models are discussed in the end, and we believe this work may be valuable for evaluating biotechnology applications such as pharmaceutical screening.
MATERIALS AND METHODS
2.1. Guest Selection. Thermodynamic data (ΔG 0 , ΔH 0 , and ΔS 0 ) for β-CD binding with 75 neutral guest molecules were extracted from a compilation of the experimental determinations by the groups of Inoue and Rekharsky. 31−35 These selected guests can be parametrized properly by the generalized Amber force field; 38 that is, the "antechamber" tool 39 did not give any warnings during parametrization. Only the R-stereoisomer conformation of guests was considered here (note that the calculations in this work use the same isomers as the experiments), and we also included some guests studied by the Gilson 40 Figure 1 . A complete list of the 75 studied guests, about 30% of which are featured in the DrugBank database, 41 is given in Scheme S1 and Table S1 in the Supporting Information.
Interaction Force Field.
3D conformers of all the tested guests were extracted from the PubChem databases in the Structure Data Format (SDF). 42 With the aid of "antechamber" package, 39 restrained electrostatic potential (RESP) charges of guest molecules were computed via fitting partial charges to electrostatic potentials calculated using the Gaussian 03 software 43 at the Hartree−Fock level with the 6-31G* basis set 44 and using the Merz−Singh−Kollman (MK) scheme. 45 Topology parameters of guest molecules were then generated automatically using the generalized Amber force field (GAFF) 38 by antechamber. Details of the GAFF parametrization for organic molecules have been presented in refs 46 and 47. The initial coordinates of the host β-CD were taken from the crystal structure (PDB code: 1DMB), 48 and the q4md-CD force field 49 was used to model β-CD. As an Amber-like force field, q4md-CD is consistent with GAFF 38 and has shown good performance for modeling cyclodextrin-based systems. 28, 49 All three GB models supported in the GROMACS package, 50 namely, GB Still , 51 GB HCT , 52 and GB OBC with two (27 members) , and (e) common strong binders of (R)-camphorquinone-3-oxime, 1-adamantanecarboxylic acid, and nabumetone. All the 2-D structures were rotated such that a more hydrophobic moiety of guest lies on the right. A complete list of tested guests is given in Scheme S1 in the Supporting Information.
variants (GB OBC I and GB OBC II), 8 were applied to model the continuous solvent media with a dielectric constant of 80 (corresponding to water as a solvent). The set of van der Waals radii used for evaluation of effective Born radii was taken from the TINKER 53 implementation of GB implicit solvation models. All four GB modes share the same radii in TINKER, 53 while the "mbondi" radii are recommended for use with GB HCT and the "mbondi2" radii are for the two GB OBC variants in the AMBER toolkit. 54 The so-called overlap scaling factors for GB HCT and GB OBC in AMBER were taken from TINKER directly. These GB radii and scaling factors are given in Table  S2 in the Supporting Information. Following Mobley's work, 55 we tested the solvation free energies with different radii against the FreeSolv database (latest version 0.32 with 643 solutes). 56 The four GB modes with the radii from TINKER give a correlation of R = ∼0.84 between calculated and experimental hydration free energies, in excellent agreement with Mobley's report 55 (R = 0.84 for an old version with 504 solutes) and also with the tests of GB HCT using the "mbondi" radii (R = 0.84) and GB OBC with the "mbondi2" radii (R = 0.82), as shown in Table S3 in the Supporting Information. For consistency with GB Still , the GB radii from TINKER were used in the following calculations.
2.3. Umbrella Sampling. The host β-CD was placed in the center of a cubic box (5 × 5 × 5 nm 3 ) with the CD cavity axis parallel to the Z-axis and the secondary rim of β-CD pointing to the −Z direction, as shown in Figure 2 Due to the structural asymmetry of CDs, β-CD host−guest complexes can be arranged in two binding modes. Here we assumed that the more hydrophobic moiety of guest (e.g., the naphthalene ring of nabumetone in Figure 2 ) penetrating into the CD cavity from the secondary rim of β-CD along the +Z direction forms an up-state (US) complex, while the penetration from the primary rim of β-CD along −Z gives a down-state (DS) complex. For illustration of the binding modes, the more hydrophobic moiety of guest molecules was placed on the right-hand side in Figure 1 and Scheme S1. In general, aromatic rings are assumed to be the most hydrophobic, followed by heterocyclic rings and then cycloalkanes.
Hydrophobicity scales of small functional groups are on the order of −CH 3 (Table S4 ) of X−CH 3 compounds where X stands for the functional groups above.
Following the same approach, binding processes in the US and DS states for all the 75 guests were generated and were used for subsequent umbrella sampling simulations with the GROMACS software (version 4.5.5). 57−59 All the simulations were carried out without periodic boundary conditions and without cutoffs (all-vs-all) for electrostatic and van der Waals interactions. The temperature was coupled to the value at which β-CD binding free energy data were measured experimentally using the velocity rescaling thermostat with a coupling constant of 0.1 ps. 60 Pressure coupling was turned off because of the vacuum boundary conditions. All bond lengths of β-CD and guest molecules were constrained by the LINCS algorithm, 61 allowing an integration time step of 0.002 ps. The generated configurations were used as 81 successive windows for construction of free energy profiles (i.e, PMFs) of β-CD binding reactions with guest molecules. The center of mass (COM) distance along Z-axis was defined to be the reaction coordinate ξ (Figure 2 ), and the distance between host and guest in each window was restrained during the simulations with a harmonic force constant of 2000 kJ mol −1 nm −2 . After energy minimization, each window was simulated for 20 ns, which was enough for the convergence of the PMF profiles ( Figure S1 ). Since we have four GB models and 75 guests binding to β-CD in two modes (US/DS), a total of 600 PMF profiles were constructed with a total simulation time of 972 μs. Following our previous work, 37 explicit PMF simulations for the [β-CD:2-propanol] complex in the DS mode (81 umbrella windows and 10 ns simulation for each window) were performed as well. Together with the explicit simulations of β-CD complexes with nabumetone (already included in the tested guests) and three isoflavone analogues, 37 these five cases were used to compare to GB simulations for exploring the difference in explicit and implicit GB solvent models. GB PMF simulations of the three isoflavones (daidzein, daidzin, and puerarin) were also performed for the comparison but not used for the following correlation analysis due to lack of experimental observations. The first 2 ns trajectories for each window were discarded for equilibration, and the remaining was used for data analysis. PMFs, ΔG(ξ), for β-CD binding reactions were computed by the weighted histogram analysis method (WHAM). 62, 63 Statistical errors of ΔG(ξ) were calculated using the Bayesian bootstrapping of complete histograms. 63 Using the −cyclic option of the "g_wham" tool, 63 all the PMFs were defined to zero at ξ = −2 and 2 nm where host and guest molecules were completely separated and the interactions between the binding partners are negligible. Integrating the PMFs with a cylinder approximation 42, 64, 65 gives a binding constant (K a ) for β-CD complexes with guest (eq 2) Figure 2 . Definition of the reaction coordinate (ξ) and binding modes (US/DS) for β-CD host−guest complexes.
where N A is the Avogadro constant, R is the ideal gas constant, πr(ξ) 2 is the sampled area for the centroid of guest in the X-Y plane at ξ, and C 0 is the standard concentration of 1 mol/L. Given K a , all standard free energy parameters of binding (ΔG calc 0 , ΔH calc 0 , and ΔS calc 0 ) can be calculated readily by eqs 3−5. 37, 66 The integration interval (eqs 2−4) ranges from each side of the PMF (−2 for the US mode and 2 for DS) to the first central maximum. If there is no obvious maximum of the PMF, the integral is performed over the whole range of ξ.
2.4. Thermodynamic Decomposition. The binding energy (ΔE bind ) of β-CD host−guest complexes is generally defined as a difference in potential energy of the complex state with respect to the separated state of the binding partners (eq 6).
In the PMF calculations this quantity (denoted as ΔE PMF ) is a function of ξ defining the formation process of host−guest complexes. For a detailed understanding of the binding process, ΔE PMF can be decomposed further into seven terms for GB simulations, while for explicit solvent models ΔE PMF constitutes eight components (eqs 7 and 8), due to the difference in the treatment of the solvation contribution (ΔE sol ).
The first five contributions to ΔE PMF (eq 7) are the ΔE MM part in eq 1 and are identical in these two solvent models, namely, bonded (ΔE h o s t +ΔE g u e s t ) and nonbonded (ΔE host−host +ΔE guest−guest ) intramolecular interactions of host and guest molecules and the intermolecular interactions of the binding partners (ΔE host−guest ). In GB models, the polar solvent contributions (ΔE pol ) were calculated with the generalized Born equation, 50, 51 and the nonpolar part (ΔE np ) was generally obtained from the total solvent-accessible surface area (SA) multiplied by a surface tension (σ). 67 For explicit solvent simulations, ΔE sol is composed of the desolvation of host (ΔE host-sol ) and guest (ΔE guest-sol ) molecules and of solvent− solvent interactions (ΔE sol-sol ) (eq 8). Standard derivations of the quantities in eqs 7 and 8 were estimated from a binning analysis. 68 Entropy changes (ΔS PMF ) upon complexation of the binding partners can be evaluated separately as well, and here we used a quasi-harmonic approximation for this purpose. 69 Similar to ΔE PMF , ΔS PMF is also a function of ξ with respect to the separated state (ξ ∼ −2 nm) of host and guest molecules. Unlike explicit solvent simulations, solvent molecules are modeled implicitly in GB models, and therefore solvent entropy (ΔS sol ) contributes to the binding indirectly only (eq 9). 
It should be noted here that summing entropy contributions into one ΔS PMF (eq 9) is an approximation in itself. The ΔS components are assumed to have the same error bars as ΔE PMF . The functional dependence on ξ of the quantities in eqs 7−9 is omitted here for simplicity. Further details on the decomposition of energy and entropy in explicit solvent simulations have been presented in ref 37 .
All the quantities discussed in this work can be weighted by their Boltzmann factors to achieve a quantitative determination of the energetic using eq 10.
When weighting for one binding mode (US/DS), ΔE i can be ΔE PMF , ΔS PMF, or their components in eqs 7−9, and ΔG i is the PMF profile (note that all these variables are a function of ξ in this case). If one does the weighting for two binding modes, ΔE i can be the (free) energy of binding for US and DS modes, and ΔG i can be the binding free energy of the corresponding binding mode. 2.5. Amber Scoring. Predictions of binding modes and binding energy for the 75 β-CD complexes were done as well based on docking techniques with Amber scoring using the Dock6 software (version 6.7). 21 Note that β-CD and guest parametrizations for PMF simulations (section 2.4) with GROMACS 57−59 and for the docking with Dock6.7 21 follow the same scheme and thus are identical in such two calculations. Following the Dock6 tutorial (http://dock.compbio.ucsf.edu/ DOCK_6/tutorials/), the molecular surface area of the receptor β-CD was first determined by the DMS program 70 with a probe radius of 0.14 nm after structure preparation, the spheres surrounding β-CD were generated using the DOCK accessory program sphgen, 71 and then a box was constructed around the spheres plus a 0.5 nm margin in all directions. Prior to docking, the accessory program grid 72 was implemented for precomputation of interactions using energy scoring on a 0.03 nm resolution grid within the box.
The docking was performed with grid-based scoring for flexible ligands (i.e., guests), allowing guest structure rearrangements in response to the receptor. The 10 topmost poses (i.e., those with the highest score) of the resulting 100 searched conformations were then reranked with Amber scoring. The binding energy in the Amber scoring scheme was defined to be the same as that in eq 6. Three available GB implicit models (GB HCT with igb = 1, GB OBC I with igb = 2, and GB OBC II with igb = 5) in Dock6.7 21 were examined in this work. The calculation for receptor, ligand, and the corresponding complex follows the same protocol: 100 cycles of conjugate gradient minimization, followed by MD simulations, and by another 100 cycles of minimization for energy evaluations. For evaluation of docking performance and comparison with the above PMF calculations, the Amber scoring was carried out with varied numbers of GB MD steps, namely 300, 1000, 3000, 10000, or 20000, for a flexible and rigid receptor, respectively. The guest was always flexible in the calculations. The scoring temperature was the same as in the PMF calculations (section 2.4), and the other parameters were set to default values.
RESULTS
Potentials of mean force (PMFs) calculations with umbrella sampling and docking with Amber scoring were conducted for 75 β-CD host−guest complexes in order to evaluate the performance of GB models in large scale affinity predictions. In the following section, we compare the calculated binding thermodynamics with available experiments and explicit simulations in order to evaluate the performance of GB/SA scoring for the binding affinity prediction and to discriminate the solvation treatment in explicit and GB implicit solvent models.
3.1. Calculated Binding Energy. Free energy profiles (i.e., PMFs) for the formation process of β-CD complexes with nabumetone in the DS binding mode calculated using GB models are presented in Figure 3 . Nabumetone penetrates into the CD hydrophobic cavity from the primary rim along −Z, forms an inclusion complex in the DS state, and then moves away from the cavity. The PMFs level off and approach to zero at both ends of ξ, representing completely separated states of the binding partners. A less narrow PMF landscape is observed for GB models compared with the explicit solvent, due to more effective screening by explicit water molecules showing that the interaction between host and guest is effective only at short distances. Form the well depth of the PMFs in Figure 3 , it can be seen that GB models overestimate the binding affinity by ∼30% for GB Still and by almost 100% for the other three GB models.
PMF profiles with GB (Figures S4 and S5) .
Binding energies evaluated by eq 6 are often applied in highthroughput virtual screening tools, including docking techniques, to select efficient inhibitors against targeted receptors. 25 If the contributions of configurational entropy (ΔS PMF ) for the binding partners are considered, the calculated deviations from ΔG exp 0 such as RMSD and MSE are reduced to some extent (Table S5) . However, such consideration seems not to improve the performances of tested GB models, as revealed by ΔG exp 0 vs (ΔE PMF -TΔS PMF ) in Table S5 . Relative RMSDs (RMSD R ) after subtraction of the MSE are given in Tables 1 and S5 as well, revealing that PMF calculations with the GB models do not predict good relative affinities.
Enthalpy−entropy compensation is acknowledged to be a common phenomenon in cyclodextrin binding with various guests, 33, 75 although it is an approximation, that is only correct in theoretical studies, when using pair-potentials. 76 In this work, experimental thermodynamic data (ΔH 0 and TΔS 0 ) for β-CD binding with the tested guest molecules show a nearly perfect compensatory enthalpy−entropy relationship (the gray line in Figure 5 ); that is, enthalpy gain in the binding is canceled out to some extent by entropy loss. In order to evaluate performance of the GB models, the calculated entropy (TΔS) as a function of enthalpy (ΔH) is plotted and given in Figure 5 . Since the box volume and temperature are both controlled in the PMF calculations, the enthalpy change (ΔH) therefore reasonably amounts to the potential energy difference (i.e., ΔE PMF , similar to eq 6) with respect to a completely separated state of the binding partners. 76 The free energy components, binding enthalpy (ΔH calc 0 ) and binding entropy (ΔS calc 0 ), calculated with a cylinder approximation (see Section 2.3), are given in Figure 5 (red) as well. ΔS calc 0 seems to change very slightly when ΔH calc 0 is more negative than ∼−30 kJ/mol for the four GB models; with ΔH calc 0 larger than this limit, the CDguest binding appears to follow the rule of enthalpy−entropy compensation, similar to that observed for experimental data of ΔH 0 vs TΔS 0 . An enthalpy−entropy compensation is also found for the PMF calculated ΔH and TΔS (green in Figure 5 ), although the correlation (R 2 ∼ 0.4−0.5) is not as high as that for the experiments. The discrepancy in enthalpy−entropy relationships between the calculated and experimental observations may result from the omission of solvent-related entropy in the GB implicit treatment.
3.2. Thermodynamic Decomposition. For a deeper understanding of the forces driving the binding reactions, binding energy and configuration entropy are decomposed further into individual contributions from the binding partners and surrounding (explicit/implicit) solvent; for details of the decomposition please refer to Section 2.4 and eqs 7−9. Figure  6 shows the decompositions along the reaction coordinate for [β-CD:nabumetone] DS complex formation with TIP3P explicit and GB Still implicit solvent models. For both models (Figures 6a and 6b) , nonbonded intramolecular interactions of the binding partners (ΔE host−host and ΔE guest−guest ) display similar curves; ΔE host−host favors the binding and ΔE guest−guest contributes little to the binding. In explicit solvent, bonded intramolecular interactions of host (ΔE host ) and guest (ΔE guest ) molecules fluctuate around zero contributing little to the complexation (Figure 6a ). In the GB Still implicit solvent, however, ΔE host and ΔE guest show clear and opposite contributions for ΔE host and ΔE guest , implying a discrepancy in molecular flexibility between explicit and GB implicit models; the former favors the binding and the latter does not (Figure 6b ). These four components mentioned above reflect conformational changes of the binding partners upon complexation due to configuration match (also known as "induced-fit" effect), and adding together these contributions constitutes intramolecular strain energies (ΔE strain ) of host and guest molecules. Quantitative evaluations of these four contributions for explicit and GB solvent models are tabulated in Table 2, indicating that host and guest molecules adjust their configurations to minimize the total energy. Since the opposite contributions of ΔE host and ΔE guest in GB models seem to cancel out (Figure 6b and Table 2 ), the explicit and GB models ultimately display similar behavior for the intramolecular strain energies (ΔE strain ).
Both the explicit and GB models predict the intermolecular interaction between host and guest (ΔE host−guest ) within the same order of magnitude, although explicit solvents give a more negative ΔE host−guest by ∼15 kJ/mol (Figure 6c-d and Table 2 ). In explicit solvent models, unfavorable host-solvent (ΔE host-sol ) and guest-solvent (ΔE guest-sol ) interactions (i.e., desolvation effects) and favorable solvent−solvent (ΔE sol-sol ) interactions are observed for the [β-CD:nabumetone] complex formation, and these three components constitute a positive solvation contribution (ΔE sol ) disfavoring the binding (Figure 6c) . The solvation by the GB Still model is decomposed into an unfavorable polar interaction (ΔE pol ) and a favorable nonpolar interaction (ΔE np ), and the resulting (unfavorable) solvation contribution (ΔE sol ) is three times smaller than that of the explicit solvent (Figure 6c-d and Table 2 ).
Conformations of host and guest molecule are somewhat restricted upon binding, leading to an entropy loss of the binding partners, as indicated by negative ΔS host and ΔS guest in explicit solvents. Meanwhile, explicit solvent molecules display a favorable entropy gain compensating for entropy loss of the binding partners to some extent (Figure 6e ). In the GB Still model, the β-CD host shows an entropy loss as well, while the guest entropy seems unchanged when binding to β-CD ( Figure  6f ). Due to the entropy compensation of solvent molecules, the total entropy contributes little to the binding in explicit solvent model; however, the GB model produces a net entropy loss disfavoring the [β-CD:nabumetone] inclusion formation ( Table 2) .
Comparison of explicit and GB models for the other four guests (2-propanol, daidzein, daidzin, and puerarin) shows that GB models appear to give favorable entropy contributions (i.e., entropy gain) to the binding (Table S6) , as opposite to explicit simulations. The energy decompositions ( Figure 6 and Tables 2 and S6) indicate that the discrepancies between explicit and GB solvent models are systematic. Binding predictions with these two models indicate that the explicit solvent by far outperforms all implicit models for the tested guests (Table S7 and Figure  S6 ), although the two solvation models seem to yield similar accuracies for the binding of β-CD with 2-propanol.
For computational efficiency, binding energy (ΔE PMF ) is usually used as a ranking score instead of binding free energy (ΔG calc 0 ) in virtual screening. An analysis on the relationship between these two terms for all the guests and GB models (300 data points in total) is given in Figure S7a showing Figure S7a) , implying that solvation contribution affects the binding significantly and these two contributions need to be considered with care for affinity prediction of ligand binding.
In addition, polar (ΔE pol ) and nonpolar (ΔE np ) effects are scaled to correlate experimental and calculated binding free energies (Table S8) . ΔE pol shows very weak or almost no correlations with experimental and calculated binding free energies, while ΔE np gives a higher correlation than ΔE pol , revealing the nature of β-CD host−guest interactions dominated by hydrophobic interactions. Unlike in GB Still (R 2 ∼ 0.5), almost no correlations between ΔE np and the binding free energies are observed for two GB OBC models, which explains why the GB Still model performs better than the GB OBC models. 3.3. Binding Prediction with Amber Scoring. Convergence of docking with Amber scoring for binding prediction was first examined with a rigid/flexible β-CD host and with a varied number of GB simulations steps. An examination of the convergence with the GB HCT model reveals ( Figure 7 ) that a rigid β-CD gives a higher correlation (R 2 ∼ 0.84) and a higher Spearman rank order coefficient (ρ ∼ 0.9) than that of the flexible host between PMF calculated binding energy (ΔE PMF ) and docked binding energy (ΔE dock ). Similar to the PMF simulations (Table 1) , either rigid or flexible β-CD in the docking experiments gives a weak correlation with ΔG exp 0 (R 2 ∼ 0.2) and a low Spearman rank order coefficient (ρ ∼ 0.4). Similar observations were made for GB OBC docking calculations with Amber scoring ( Figure S8) . Moreover, increasing the number of GB simulation steps does not improve the docking performance and in some cases gives a worse prediction of binding affinities yet, as indicated in Figures 7 and S8 . If not stated otherwise, the docking results presented below were calculated with rigid β-CD and 3000 GB steps, the default appropriate for protein−ligand docking in Dock 6.7 software. Table 3 lists the comparison of docked binding energy (ΔE dock ) with experimental (ΔG exp 0 ) and PMF calculated (ΔE PMF ) observations. ΔE dock correlates weakly with ΔG exp 0 (R 2 ∼ 0.3) and overestimates it by ∼37 kJ/mol, and a factor of 0.27 is needed for scaling ΔE dock to fit to ΔG exp 0 . Similar to ΔE PMF (Table 1) , ΔE dock does not reproduce a reasonable ranking order for guest binding affinities as well, as revealed by a small ρ of ∼0. 45 . Surprisingly, ΔE dock, sporting a low computational cost, shows similar performances to the relatively expensive PMF calculations, as indicated by higher R 2 of ∼0.7 and ρ of 0.87, even though ΔE dock underestimates ΔE PMF by ∼22 kJ/mol. However, neither ΔE dock nor ΔE PMF predict the experimental binding energy accurately. Relative RMSDs (RMSD R ) indicate that Amber scoring in the docking do not give good relative affinities (Table 3 ) compared to the experiments and neither do the PMF calculations (Table 1) . Interestingly, however, the RMSD R between PMF and Amber scoring techniques is less than 1 kJ/mol (Table 3) , highlighting the similar performance of these two methods.
Binding Modes of β-CD
Complexes with Guest. Accuracy of binding mode prediction is also of great importance in biotechnology applications. There are two possible binding modes for β-CD host−guest complexes due to the existence of two different rims on β-CD, as shown in Figure 2 . Guest insertion into the CD hydrophobic cavity may be easier from the secondary (wider) rim than from the primary (narrower) rim. The PMF simulations show that approximately 70% of the inclusion complexes are formed via guest penetrating into CD cavity from the secondary rim (i.e., US mode in Figure 2) , and the guests bind more stably than in the primary rim (i.e., DS mode in Figure 2 ). Prediction of guest binding orientations with docking depends on the choice of β-CD flexibility and GB simulation steps. For instance, with a rigid β-CD and 3000 GB steps, about 40% of the guests are more stable in the DS binding mode; a flexible β-CD and 20000 GB steps gives a probability of ∼60% favoring the US mode that is comparable to the PMF GB predictions (Table  S9 ), but this choice may decrease the docking performance on ranking the binding affinity (Figures 7 and S8) .
Comparison of the PMFs with docking results indicates that only 12 out of 75 [β-CD:guest] complexes are predicted to have similar guest orientations in the binding, including five DS and seven US states. Some representative states of these similar binding orientations are given in Figure 8 . The bromo group is typically bound within the β-CD hydrophobic cavity due to its high hydrophobicity (comparable to a methyl group, Table S4), and cycloalkane moieties behave similarly as well. Hydrophobic aromatic rings are sometimes included in the cavity, depending on the molecular geometry and other attached moieties. 63% of the tested binding partners have similar binding modes in all four GB models in PMF calculations. For the three GB models in docking the corresponding number is 61% (Table S10) , even though PMF and docking methods favor different binding modes (US/DS) as stated above. Different GB models seem to produce comparable results on predicting guest binding orientations; more specific, approximately 80% of the complexes were shown to have similar guest orientations in the binding prediction but only when using the same method (PMF or docking). Different methods predict different binding modes for about half of the [β-CD:guest] complexes (Table  S10 ). a The uncertainties are given in parentheses and terms for RMSD, MSE, R 2 , ρ, and slope are the same as in Table 1 . ΔE dock was computed by 3000-step GB simulation with rigid β-CD using Amber scoring.
DISCUSSION
Binding affinities and binding modes of 75 [β-CD:guest] complexes were investigated through potential of mean force (PMF) calculations with umbrella sampling and docking techniques based upon the Amber scoring using generalized Born (GB) implicit solvent models. Neither of these two methods gives a reasonable prediction of relative binding affinities for this test set compared to the experimental data, as indicated by small Spearman rank order coefficients (ρ ∼ 0.46) in Tables 1 and 3 . Somewhat unexpectedly, the expensive umbrella sampling technique does not appear to improve the binding affinity prediction and shows an accuracy comparable to the docking calculations with Amber GB/SA scoring (ρ ∼ 0.9). These findings indicate that GB models in the virtual screening model the conformational flexibility reasonably well but that there are other factors that need to be considered.
The free energy of binding ligands to target receptors determines the ranking order for a library of compounds. Due to the high computational cost of free energy calculations, the binding energy (eq 6) is generally used instead in virtual screening procedures. In this work, binding energies derived from the PMF (ΔE PMF ) calculations yield a significant overestimation on the experimental binding free energies (ΔG exp 0 ), and a scaling factor of 0.2 (Table 1) is needed to scale the ΔE PMF to fit with ΔG exp 0 , in agreement with a report by Levy. 25 For the docking score, a scaling factor of 0.27 is needed (Table 3) . A combination of enthalpy and entropy effects is known to contribute to the binding of protein−ligand complexes, 77−79 and the entropy contribution (ΔS) therefore needs to be taken into account in the binding energy. Table 1 , justifying the use of binding energy for scoring in virtual screening. Such use however depends on the accuracy of force field parameters (including solvation treatment discussed below) and entropy calculation algorithms.
Energetic decomposition highlights the difference in solvation treatments between explicit and implicit solvent models and unveils in detail the deficiencies of GB models. Upon complexation, β-CD adjusts its configuration to match its guest molecule (nabumetone), as revealed by favorable nonbonded intramolecular interactions of the host molecule (ΔE host−host ), and the guest (ΔE guest−guest ) may also contribute to such interactions depending on the kind of guest molecules. Both these interactions behave similarly in explicit and GB implicit solvent models ( Figure 6 and Tables 2 and S6 ). The bonded intramolecular interactions of ΔE host and ΔE guest contribute little to the binding in the explicit solvents; however, significant contributions (favorable ΔE host and unfavorable ΔE guest ) are observed in GB solvent models (Tables 2 and S6) . Although these two contributions seem to cancel out to some extent, thus displaying a similar and comparable intramolecular strain energy (ΔE strain = ΔE host−host + ΔE guest−guest + ΔE host + ΔE guest ) to that from the explicit solvent, this finding indicates that GB models may generate more flexible configurations (i.e., unreasonable conformational ensembles) than warranted, which may explain the poor accuracy in the docking experiment (Figures 7 and S8 ) when using a full flexible host and/or increasing GB simulation steps. Hobza and co-workers also indicated that scoring functions based on implicit solvent models may fail for highly flexible receptors. 5 According to the Dock 6.7 tutorial for Amber GB/SA scoring, limited flexibility of receptors (ligand binding sites in general) and use of 3000 GB-steps rather than longer GB simulations are recommended for good performance on the scoring of protein−ligand complexes.
Due to the same parametrization of binding partners in explicit and GB solvent simulations, intermolecular host−guest interactions (ΔE host−guest ) are predicted to be of the same order of magnitude, while explicit solvents tend to give a stronger interaction, as shown in Figure 6 and Tables 2 and S6 . Desolvation of host (ΔE host-sol ) and guest (ΔE guest-sol ) molecules are observed to disfavor the binding, and solvent molecules (ΔE sol-sol ) offer an obviously favorable contribution to the binding in explicit solvents (Figure 6c ). Such solvent-related balance cannot be reached via GB implicit solvent models, and the GB-based solvation contributions (ΔE sol ) are shown to be by far smaller (less positive) than those in explicit solvents (Tables 2 and S6 ). Entropy gain of explicit water molecules cancels out most of the entropy loss of the binding partners upon complexation, while GB models yield a net entropy loss (Tables 2 and S6 ). It should be noticed that guest molecules in GB models tend to display favorable entropy gains upon complexation, as opposed to explicit simulations and to the general concept that the guest configuration is restricted upon complexation, leading to entropy loss, which is, however, compensated by a gain in water entropy. In addition, β-CD binding with guest molecules is dominated by hydrophobic interactions, which are solvent-induced and in this case likely dominated by the entropy of the solvent. Modeling of solvent entropy is challenging for implicit solvent calculations for obvious reasons. Due to the lack of solvent balance, in Table 1 ). These observations highlight detailed differences in the solvation treatment between explicit and implicit solvent models and indicate that more properties such as solvent enthalpy and solvent entropy need to be incorporated into the procedure of developing GB solvation models.
In order to derive an implicit solvent model, in principle, the mean force ⟨F sol ⟩ exerted by the external media on the biomolecules is averaged overall and applied to the solute. If one just considers the potential energy (V), this does not matter, since we have V total = V slt-slt + V slt-sol + V sol-sol and dV total / dr = dV slt-slt /dr + dV slt-sol /dr, where slt and sol stand for solute and solvent, respectively, and r is the position vector of the solute. For dV slt-sol /dr, ⟨F sol ⟩ is substituted. Since the solvent is implicit, solvent-related reactions are ignored, and consequently we lose detailed balance in MD simulations. Lack of detailed balance means that for a molecule in GB/SA simulations without temperature coupling, the energy will not be conserved. Energy drifts in microcanonical-ensemble (NVE) simulations have indeed been reported for GB implementations in the GROMACS, 50 AMBER, 80 and CHARMM 81 simulation toolkits. Also, the energy function becomes a mixture of enthalpy and free energy, which means that the forces derived from such an energy function are not true forces, and hence the concept of "time" in the simulation becomes meaningless (although this is not relevant for computations of PMF, it may be for other applications). It is well established that due to the lack of solvent viscosity in implicit solvent models, folding of proteins in implicit solvent simulations proceeds "faster" than in explicit solvents, 82−85 something that can be "corrected" for by slowing down the simulation using stochastic kicks, corresponding to the solvent motion.
Interactions with solvent (water) molecules carry valuable information for the analysis of the energetics as well as the structure and dynamics of biomolecules, 86−89 and some of this information needs to be preserved reasonably when attempting simplifications to solvation effects. However, some properties of real solvent molecules such as the ability of hydrogen bonding donating/accepting and dipole directionality are difficult to describe in analytical formulas. 90 Some strategies have been proposed to improve the binding energy calculations in either implicit or explicit manners. Gallicchio and co-workers developed an implicit solvent model AGBNP2 (Analytical Generalized Born plus NonPolar), in which a hydration correction term was introduced into the typical GB scheme accounting for, for instance, hydrogen bonding with solvent and water ordering in the binding sites. 91, 92 By including two hydration sites of β-CD with empirical parameters further, they subsequently reproduced binding free energies of β-CD with guest molecules reasonably compared to the experiment. 25 Explicit water molecules were also attempted as part of the binding site to improve the performance of implicit solvent models; 93−96 it is however not trivial to position these water molecules "correctly".
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In addition, the problem in evaluating scoring function for prediction of binding affinity depends on the reliability of the experimental data and on the techniques used to determine the data. As stated by Bonvin et al., significant correlations between experimental and calculated dissociation constants may be found if the protein−protein complexes are grouped according to the methods employed in the experimental determinations. 98 Similar treatments were made for the tested complexes in this work, indicating that the poor correlations (Tables 1 and 3) between experimental and calculated binding energies with all the GB models are statistically significant for all the β-CD complexes (N = 75, p-vale < 0.01, Table S11 ). The calorimetry method (N = 39, p-vale < 0.01) gives slightly higher correlations than all the binding affinity data. Significant correlations emerge (p-vale < 0.05), with an R approaching 0.95 for the spectrophotometry (N = 5) and potentiometry (N = 4) techniques, although these results need to be treated with care due to the limited amount of data.
From this and our previous work on GB implicit solvent simulations of cyclodextrin dimerization in nonaqueous phases, 30 we conclude that the solvation enthalpy and entropy as well as the flexibility of the binding partners need to be taken into consideration with caution since these quantities are within the same order of magnitude or even an order of magnitude larger than thermodynamics parameters of the entire binding reactions in both explicit and implicit solvent models. 37, 99 Lack of detailed balance in implicit solvent models may result in problematic issues such as poor energy conservation and desolvation of the binding partners. Here we note that solvent screening using explicit models is much larger than with GB models (Figure 2 ). Dipole analysis shows that explicit water interacts with β-CD, reducing its dipole ( Figure S9 ) compared to GB models and thereby reducing the interaction energy. These findings indicate that the screening of the Coulomb interactions in GB models underestimates the screening due to solvent but that it overestimates the intermolecular (binding) energy (by favoring short-range solute−solute interactions), leading to largely overestimated binding energy. Systematic errors caused by the unphysical treatment of Coulomb interactions seem to be difficult to compensate for. It is difficult to envision a way in which these and other drawbacks of implicit models can be overcome systematically.
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